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ORIGINAL ARTICLE 

Grand-paternal age and the development of autism-like 
symptoms in mice progeny 

S Sampino^ GR Juszczak^ F Zacchini\ AH SwiergieP'^ JA Modiinski^ P Loi^ and GE Ptak^'^ 

Advanced paternal age (APA) contributes to the risk of autism spectrum disorders (ASDs) in children. In this study, we used a mouse 
model to investigate the effects of APA on behavioral features related to autistic syndromes (that is, social deficits, communication 
impairments and stereotypic/repetitive behaviors). We also examined whether such effects are transmitted across generations. To 
do this, males aged 15 months (APA) and 4 months (control) were bred with 4-month-old females, and the resulting offspring (F1) 
and their progeny (F2; conceived by 4-month-old parents) were tested for the presence and severity of ASD-like behaviors. Our 
results indicate that APA resulted in offspring that displayed distinctive symptoms of ASD. We found that both F1 conceived from 
old fathers and F2 derived from old grandfathers displayed increased ultrasound vocalization (USV) activity, decreased sociability, 
increased grooming activity and increased anxiety-like responses. Moreover, such abnormalities were partially transmitted to the 
second generation of mice, having APA grandfathers. In conclusion, our study suggests that the risk of ASD could develop over 
generations, consistent with heritable mutations and/or epigenetic alterations associated with APA. 
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INTRODUCTION 

Autism spectrum disorders (ASDs) are common and heteroge- 
neous neuropsychiatric conditions characterized by deficits in 
social interaction, impaired communication, repetitive/stereotypic 
behavior and/or restricted interests.^ ASDs are considered highly 
heritable neuropsychiatric diseases, suggesting that genetic 
factors, including de novo mutations, chromosomal abnormalities 
and common genetic variants, have an important role in its 
etiology.^""^ However, ASD displays considerable genetic hetero- 
geneity, including several regions of the genome which might 
contribute to its etiology. In addition to genetic variation, several 
environmental factors have been identified, including obstetric 
complication, preclampsia, maternal infection and advanced 
paternal age (APA), which increase the risk of ASD diagnonis.^"^ 
Nevertheless the genetic architecture and the factors influencing 
the development of ASD are becoming increasingly studied, its 
neurobiology and pathogenesis, as well as the application of 
therapeutic and bio-diagnostic tools, are still far to be completely 
elucidated. 

Several epidemiological reports suggest a strong association 
between APA and an increased risk of conceiving children with 
ASD.^"" The causal link of this association is suggested to be 
related to an increased frequency of mutations and/or epigenetic 
alterations in the germ line of older male individuals.^^'^^ Due to 
the constant turnover of spermatogonial stem cells, the number of 
cell replication in the male germline increases with age, increasing 
the susceptibility to copy errors and resulting in rare de novo 
mutations affecting individual sperms and then offspring. Recent 
large-scale sequencing studies have shown that approximately 
80% of de novo point mutations are from paternal origin, and that 
the rate of mutation increases with age.^"^"^^ Therefore, age- 
related mutagenesis could represent a triggering factor in the 



development of ASD and many other psychiatric disorders 
characterized by a strong genetic contribution. 

Mouse models have been used to understand genetic and 
environmental contributions to ASD, establishing potential 
etiologies in clinical populations and dissecting the effects of 
single genes and prenatal factors on specific behavioral features of 
the mouse.^''"^^ In this context, animal models of APA represent a 
natural platform to study how mutations and epigenetic errors 
contribute to the development of ASD, as well as their 
neurobiology and pathogenesis. Although previous rodent 
models assessed long-term effects of APA on offspring behavior, 
the range of behavioral outcome differ substantially among these 
and it is not known whether APA mice present specific face 
validity with respect to ASD.^^"^^ In this study we used a mouse 
model to explore the effects of APA on various behavioral features 
related to the core symptomatology of ASD. Moreover, we 
analyzed whether these effects are transmitted to further 
generations, to verify genetic heritability. Our results support the 
hypothesis that APA increases the risk of autism in mice and that 
this risk could develop over generations. 



MATERIALS AND METHODS 

Animals 

All animal experiments were performed in accordance with the European 
Community regulation 86/609. Swiss albino mice originated and main- 
tained at the Institute of Genetic and Animal Breeding (Jastrzebiec, 
Warsaw, Poland), housed in 30x13x11 cm cages, under controlled light 
and temperature, and were given ad libitum access to water and food 
(Labofeed H, Kcynia, Poland; metabolic energy of 13.0 MJ kg~^). To obtain 
F1 offspring, virgin males aged 15 months (APA; n = 9) and 4 months 
(control (CTR); n = 10) were bred with mature females, aged 4 months. To 
obtain the F2 generation, F1 males were bred with unfamiliar females, 
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both aged 4 months. After all pregnancies were detected by the presence 
of a vaginal plug, males were removed and each dam was singly housed 
and allowed to deliver spontaneously. If no plug was detected after 
overnight male-female encountering, the female was removed and 
replaced by another, to avoid any possible effects of longer contact with 
the male. The day of delivery was designated as postnatal day 1 (PI). A 
cohort of animals (n = 40 per group) was used to study pre-weaning 
behaviors. Another cohort {n = ^5 per group per sex) was weaned on P21, 
housed in sex-matched groups of 4-5 in 30x13x11 cm cages, and 
subsequently screened for adult behavior. In addition, C57/CBA hybrid 
mice were used as stimulus mice for the three-chambered social test. 

Experimental procedure 

On P2, the skin of each F1 and F2 animal was labeled with a permanent, 
waterproof pen. Individuals were randomly selected from the litter and 
assigned to the various analyses. In each generation, a subgroup of mice 
{n = ^5 per group per generation) was used to assess developmental 
milestones on P2-20: body weight, body length, ear/eyes opening, hair 
appearing, incisive eruption and righting reflex ability. A second subgroup 
{n = 25 per group per generation) was analyzed at P4, 8 and 12 for 
isolation-induced ultrasound vocalization (USV) and at P10 for homing 
testing. An independent cohort of male mice was left undisturbed until 
weaning and used to screen adult behaviors starting at 2.5 month of age 
(n = 12-15 mice per group per generation). Each behavioral test was 
performed as reported in the Supplementary Table. Because autism is 
more common in male individuals (by a ratio of 4:1), adult behavior was 
analyzed only in males.^^ 

Body development 

Pups were weighed every two days from P2 to P20, and their body length 
was measured from the tail tip to the nose. Physical landmarks, including 
eye/ear opening, incisor eruption and fur development, were scored 
during the pre-weaning period. 

Righting reflex 

This test allows the measurement of the postural reflex in mice at an early 
age. The mother was separated from the litter 30 min before testing, and 
the home cage containing the pups was carried into the test room and 
maintained at 25 °C on a heating pad. Each animal was turned on its back 
(ventral side up) on a flat surface and given a maximum of 60 s to return to 
the four paws position. Time of success was recorded for three consecutive 
trials for each pup. The test was performed on P6 and P10. 

Homing test 

This procedure exploits the tendency of immature pups to maintain 
contact with the mother and siblings. On P10, mother was removed and 
litter was kept in the home cage at 25 °C on a heating pad. The floor of a 
rectangular arena (measuring 36 x 22 x 10 cm) was subdivided into three 
areas, one of which was uniformly covered with wood shavings from the 
home cage, thus containing familiar odor stimuli. The remaining space was 
covered with clean bedding material. Individual pups were placed on the 
opposite side of the nest materials, onto a wire mesh located above the 
arena divided in nine squares, and were allowed to freely move around for 
4 min. Total lines crossed, latency time to reach the nest area, time spent in 
the nest area and the number of entries into the nest area were recorded 
as an index of homing performance.^^ 

Isolation-induced USV 

Testing for isolation-induced vocalization was done on P4, P8 and PI 2 as 
described previously,^^ with slight modifications. Briefly, pups were 
isolated one by one from their mother and littermates and placed in a 
clean plastic container into a sound-attenuating chamber, under controlled 
temperature (28 °C). To record vocalizations, an ultrasound-sensitive 
microphone— a bat detector (US IVlini-2 bat detector. Summit, Birming- 
ham) tuned in the range of 60-80 kHz— was suspended above the isolated 
pup and USVs were recorded for 5 min using Audacity software (http:// 
audacity.sourceforge.net/). For analysis, recordings were imported into 
Avisoft SASLab software (Avisoft Bioacoustics, Glienicke, Germany). Back- 
ground noise was removed, and call detection was provided by an 
automatic threshold-based algorithm. An experienced human observer 
checked the accuracy of call detection, and obtained a 100% concordance 



Translational Psychiatry (2014), 1 -7 



between automated and observational detection. Parameters analyzed 
included the total number, sound pressure amplitude and duration of calls. 
No differences in patterns of calling were detected in a comparison of male 
and female pups, therefore data were collapsed across sex. A subgroup of 
mice (n = 1 5/group) in both F1 and F2, was isolated in the presence of nest 
bedding material to analyze the effects of familiar environmental cues on 
USV activity.^^'^^ 

Adult behavioral screening 

In adults, each behavioral test was conducted starting at P75, in the 
following order: sociability and social novelty (P75), open field (P83), 
elevated plus maze (P91), observation of repetitive behaviors (P99), tail 
suspension (PI 06) and startle reflex (P1 15). There was at least one week of 
interval between tests performed on the same animal. The tests were 
ordered such that the most stressful were performed last. Each apparatus 
was washed with 70% ethanol and rinsed with water between subjects to 
avoid olfactory cueing behaviors. All behavioral tests were made blind to 
experimental conditions and videotaped for further detailed analysis. 
Social tests were performed using the EthoVision 3.1 video analysis system 
(Noldus Information Technology, Wageningen, The Netherlands). All tests 
were performed during the end of the light phase in an experimental room 
isolated from the colony. Mice were introduced into the testing room 1 h 
before testing to permit environmental habituation, and were returned to 
their home cage at the end of each test. 

Three chambers social tests 

To test sociability and preference for social novelty, adult mice were tested 
as described previously,^"^'^^ with slight modifications. Each mouse was 
tested in a glass box (60 x 40 x 50 cm) divided by plexiglass walls into three 
chambers. The test mouse could freely move between chambers through a 
small opening (6x6 cm) present in each wall. At the beginning of the test, 
the test mouse was placed in the central chamber and allowed to freely 
explore the empty apparatus for 20 min to evaluate bias for either of the 
side chamber. After this habituation period, the test mouse was removed 
from the apparatus and briefly placed in a clean cage. An unfamiliar C57/ 
CBA 3-month-old male (stranger 1) was placed inside a small wire cage in 
one of the side chambers and an identical empty wire cage was placed in 
the opposite chamber as a non-social object. Then the test mouse was 
again placed in the central chamber and allowed to freely explore all three 
chambers for 10 min. The time spent in each chamber was measured with 
EthoVision. The preference index for sociability was calculated as (timesodai/ 
(time'°''"-i-time"°"^°''")).^^ In addition, a human observer scored the time the 
mouse spent sniffing each wire cage. The location of the stranger 1 
alternated between left and right sides of the box across subjects. The 
animals serving as strangers had previously been habituated to placement 
in the small cage. 

At the end of the sociability test, each mouse was tested in another 10- 
minute session to quantitate its preference to spend time with a newly- 
introduced stranger (social novelty) versus an already-investigated mouse. 
The test mouse again was removed from the apparatus and briefly placed 
in a clean cage. A new, unfamiliar C57/CBA 3-month-old male was placed 
in the wire cage that had been empty during the previous 10-minute 
session. The test mouse was then placed in the central chamber and had a 
choice between the first, already-investigated, now-familiar mouse 
(stranger 1) and the novel, unfamiliar mouse (stranger 2). Measurements 
were taken as described above for the sociability test.^^ 

Open field 

Open field was used to assess anxiety-related behavior and general 
locomotor activity. The apparatus consisted of a square arena (60x60 cm) 
divided into 16 squares and enclosed by continuous walls, each 30 cm in 
height. The 12 squares adjacent to the wall represented a protected field, 
whereas the four central squares represented an exposed field, namely 
'central area'. The test was initiated by placing a single mouse in the center 
of the arena and letting it move freely for 6 min. A number of conventional 
parameters were collected during the session: (i) time to leave the 
center— the duration of time the mouse spent before leaving the central 
area; (ii) locomotory activity— the number of lines crossed by the mouse 
during the entire test; (iii) the number of entries into the central area; and 
(iv) the cumulative time spent in the central area.^^ 

© 2014 Macmillan Publishers Limited 
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Elevated plus maze 

Elevated plus maze was used to assess exploration activity and anxiety-like 
behavior. The apparatus consisted of two open arms (30x5 cm) and two 
closed arms (30x5 cm), enclosed by 15-cm high walls, with the two pairs 
of identical arms emerging oppositely from a central platform (5x5 cm). 
The apparatus was elevated 45 cm above the floor. The test was initiated 
by placing the mouse on the central platform, facing one of the closed 
arms and letting it move freely for 6 min. A number of conventional 
parameters were collected during the session: (i) total arms entries — the 
total number of entries with all four paws into both the open and closed 
arms; (ii) open arms entries — the number of entries into the open arms 
with all four paws; (iii) open arms exploration — the number of times the 
mouse entered the open arms with only its forward paws (stretch-attend 
posture); and (iv) time spent in the open arms — the cumulative time spent 
in the open arms.^^ 



was calculated as a percentage reduction in mean of ASR-pp compared 
with ASR-simple, according to the formula (ASR-pp/ASR-simple) x 100. 
Habituation was calculated from the differences in mean response of the 
first block compared with the last block of ASR-simple stimuli, according to 
the formula ((ASR block3-ASR block 1)/ASR block 1) x 100-100."^° 

Statistical analysis 

Data were computed using GraphPad Prism (version 5.0). Each behavioral 
variable was analyzed in each generation, comparing APA and CTR with 
one-way analysis of variance (nonparametric Kruskal-Wallis test-i-Dunn's 
multiple comparison test). For neonatal tests, data were collapsed across 
sexes. Differences were considered statistically significant when P-values 
< 0.05. 



Assessment of repetitive behaviors 

The mouse was isolated in a new cage filled with clean bedding. After 
10 min of habituation, the animals were video recorded for an additional 
10 min and later scored for self-grooming and digging behaviors by an 
observer blinded to the experimental groups. Grooming was defined as 
time spent licking paws, washing nose or face or scratching fur with any 
foot.^^ Digging was defined as time spent actively moving the bedding. 

Tail suspension 

This test was performed as we described previously.^^'^^ Briefly, a short 
piece of paper adhesive tape (about 6 cm) was attached along half the 
length of the tail. The free end of the tape was attached to a 30 cm long 
rigid tape, which hung from a horizontal bar clamped to a heavy laboratory 
support stand. Suspended animals were surrounded by a black wooden 
enclosure (45 cm high, 40 cm wide, 40 cm deep) such that the mouse's 
head was ~ 20 cm above the floor. For testing, each mouse was suspended 
by its tail and observed for 6 min. An observer scored the total duration of 
a passive, 'dead weight' hanging (immobility), between the periods of 
wriggling of the animal to avoid the aversive situation. 

Acoustic startle reflex (ASR) and prepulse inhibition 
The animals were tested for acoustic startle reflex (ASR) with prepulse 
inhibition with the Startle box (Med. Associates, St. Albans, VT, USA). The 
mouse was placed in a plexiglass cylinder within a sound-attenuating 
chamber, upon a piezoelectric transducer, which allowed movements to 
be quantified and displayed on a computer. An external digital sound level 
meter (Med. Associates) was used to confirm the calibration of acoustic 
stimuli before each day of testing. Each test consisted of three blocks of 
trials, for a total of 40 trials, presented after 5 min of acclimation under 
60 dB of ambient white noise. The first and the last blocks consisted of five 
trials in which a 120dB white noise stimulus was presented alone without 
prepulse (ASR-simple). The central block consisted of a total of 30 stimuli, 
presented as 120dB white noise signals with or without prepulse 
inhibition. Prepulses (at 70, 75, 80 and 85 dB) in this central block were 
presented in pseudo-random order 100 ms before the 120dB main 
stimulus (ASR-pp). Inter-trial intervals varied randomly from 1 0 to 20 s. The 
ASR was defined as the movement amplitude after the 120dB stimulus, 
resulting in a peak value. Prepulse inhibition for each prepulse intensity 

USV rate 



RESULTS 

Normal general health, neurological reflexes, homing ability and 
depression-like behavior 

Body weight and length were not affected by APA in both 
generations analyzed. Analysis of markers of somatic growth did 
not reveal any changes in body development. Both APA and CTR 
pups of both generations had completed pinnae detachment by 
PI 4; incisor eruption began on P7 and continued until PI 4; 
opening of the eyes was completed by PI 3; and fur started to 
appear around P10. The righting reflex was not affected by APA, as 
by P6, the latencies to return to the four paws position were 
similar among all mice analyzed (P = 0.14). On P10, all pups fully 
developed the righting reflex, and were able to successfully 
complete the test within 1 s. No significant differences were found 
in homing performance. Both the latency to score and the time 
spent into the area containing nest materials were similar in all 
pups analyzed. Moreover, no effect of APA was found in the startle 
reflex and in the time of immobility in the tail suspension test. 

Increased USV activity in APA progeny 

The number of calls elicited by social isolation in pups differed 
across postnatal days (P< 0.0001) with more calls observed on P8 
and fewer on P12 (Figure 1a). USV emissions by APA pups were 
much more numerous than those of CTR pups, in both F1 and F2 
progeny on P4 and P8 (Figure 1a). Analysis of USV sound 
amplitude revealed an increased percentage of high intensity calls 
in APA F1 and F2 progeny on P4 and P8 (Figure lb). When pups 
were isolated in the presence of nest material, the rate of calls was 
attenuated in all mice analyzed. Comparing APA and CTR pups 
under this particular condition, we did not find any significant 
difference in USV parameters (Figure 1c). Also, no significant sex 
differences were observed (P = 0.64), nor did we find any 
differences in motor activity. 



USV intensity 



USV rate (nest material) 




nest bedding 



Figure 1. Increased USV activity in APA pups upon isolation from their mothers {n = 25 pups per generation per group), (a) Both generations of 
APA pups emitted an increased number of calls with respect to controls throughout postnatal development (^P< 0.001). (b) The percentage 
of high intensity calls was greater in F1 and F2 progenies derived from old fathers versus controls, on P4 and P8 (^P< 0.001). (c) Although APA 
pups emitted more calls when isolated in clean Petri dishes (*P< 0.001), no significant difference between the groups was observed when 
pups were isolated in the presence of nest materials (NS: P=0.89). APA, advanced paternal age; CTR, control; NS, not significant; USV, 
ultrasound vocalization. 
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Figure 2. APA induced perturbations of social behaviors (n = 1 5 nnice per generation per group), (a) All nnice showed significant preferences for 
spending tinne in the channber containing the stranger nnouse (*P< 0.05, **P< 0.01, ***p< 0.001), although the nnagnitude of preference was 
lower in APA progenies, (b) The sociability score was significantly lower in both generations of APA nnice with respect to controls pP < 0.05). 
(c) APA nnice spent less tinne in social sniffing pP< 0.05, ^*P< 0.01). (d) In the test for social novelty, both generations of nnice derived fronn 
young fathers spent significantly nnore tinne in the channber containing the unfanniliar nnouse (*P< 0.05, **P< 0.01). Conversely, APA Fl failed 
to display such a preference pP<0.05, NS: P = 0.16). (e) The tinne spent sniffing the wire cage containing the unfanniliar nnouse over the 
fanniliar one, was significantly less in APA progenies versus the controls (*P< 0.05, **P< 0.01). APA, advanced paternal age; CTR, control; NS, 
not significant. 
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Figure 3. Increased self-groonning activity (n = 15 nnice per genera- 
tion per group). APA progenies spent significantly nnore tinne in self- 
groonning connpared with controls (^P<0.05). Conversely, there 
were no significant differences in digging nor in the sunn of all 
stereotyped behaviors analyzed. APA, advanced paternal age; CTR, 
control. 



Social deficits in APA progeny 

During the initial habituation trial of the sociability test, there were 
no preferences for ennpty chambers (side chamber 1 versus side 
chamber 2) across either APA and CTR mice or across generations. 
All mice analyzed showed a strong preference for the chamber 
housing a novel stranger mouse versus the chamber containing 
the novel object (Figure 2a). However, the magnitude of 
preference was decreased in APA Fl and F2 progeny, which 
showed a significant decrease in the sociability score compared 
with controls (Figure 2b). Although the time spent in social sniffing 
versus sniffing of the object was higher in all mice tested, APA 
progeny spent significantly less time in social sniffing compared 
with controls (Figure 2c). In the test for social novelty, CTR mice 
spent significantly more time in the chamber containing the 
unfamiliar mice. Conversely, APA mice failed to display a 
preference for the chamber containing the unfamiliar mouse over 
the chamber with the familiar mouse (Figure 2d). Moreover, the 
time spent sniffing the unfamiliar mouse was significantly less in 
APA mice compared with control mice (Figure 2e). 

Elevated levels of self-grooming in APA progeny 
The time spent grooming during the isolation period was 
significantly higher in APA Fl and F2 progeny compared with 
their respective controls. However, there were no significant 
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Figure 4. Effects of APA on anxiety-like behaviors (n = 12 nnice per generation per group), (a, b) Fl nnice derived fronn aged fathers displayed 
less nunnber of entries into the central area of the open field with respect to the controls. Moreover the tinne spent in the central area was 
lower in APA with respect to the controls (*P < 0.05). (c) These nnice also nnade significantly fewer stretch-attend postures in the open arnns of 
the elevated plus nnaze than did the controls < 0.05). F2 progeny did not display changes in anxiety-like behaviors. APA, advanced paternal 
age; CTR, control. 



differences in the time spent digging and in the sum of all 
stereotypic behaviors (Figure 3). 

Increased anxiety-like response in APA F1 offspring 
There was a significant effect of APA on anxiety-related behaviors. 
The number of entries into and the time spent in the central area 
of the open field were significantly less in APA Fl offspring than in 
controls (Figures 4a and b). In the elevated plus maze, there were 
no differences between the groups in the number of entries into 
the open arms, nor in the time spent in them. However, APA mice 
made significantly fewer stretch-attend postures in the open arms 
than did controls (Figure 4c), suggesting an effect of APA on 
explorative behaviors. We did not find any significant differences 
in anxiety-related behaviors in F2 mice. Also locomotor activity 
was not different between APA and CTR, in both generations of 
mice analyzed. 

DISCUSSION 

We report that the mice conceived by aged fathers and their 
progeny exhibit autistic-like phenotypes that markedly resemble 
core symptoms of ASD. Both generations of mice — Fl derived 
from 15-month-old fathers, and F2 derived from 4-month-old 
parents and 15-month-old grandfather — displayed communica- 
tion impairments, increased repetitive behavior and social deficits, 
whereas changes in anxiety-related behaviors were only signifi- 
cant in the first offspring generation. Social deficits, communica- 
tion impairments and repetitive behaviors are considered 
diagnostic features of ASD, therefore our model specifically and 
selectively mimicked various core symptoms of ASD in humans. 
Moreover, this is the first and only model of a risk factor for autism 
in which transgenerational effects have been analyzed. 

Communication between APA pups and their mothers was 
altered, as demonstrated by the increased USV activity during 
social isolation. Similar findings were reported in several mouse 
strains suggested to be relevant to autism studies.^"^'^^"^^ In 
particular, pups of the BTBR inbred mouse, which display many 
ASD-like symptoms, exhibit an increased number of USV calls.^^ 
Alterations in USV parameters were also reported in engineered 
mice carrying deletions of genes associated with autism,^ 
and in rats as a model for ASD."^^ The increased vocalization could 
be due to increased susceptibility to stress. USV emissions were 
increased only when APA offspring were isolated in clean Petri 
dishes; conversely, emissions were dramatically attenuated by the 
presence of nest materials, indicating that the presence of familiar 
social cues (that is, odor stimuli) is a support to reduce the stress 



response in isolated pups. In addition to communicative impair- 
ments, APA mice exhibited deficits in social behavior, as 
demonstrated by the decreased exploratory preference for the 
chamber containing a stranger mouse over the chamber contain- 
ing a non-social novel object. Moreover, APA mice exhibited 
abnormal social behavior when choosing between an already- 
investigated mouse and a newly-introduced one. Although control 
mice spent significantly more time interacting with the unfamiliar 
mouse than the familiar one, APA mice did not display such a 
preference. Pro-social behaviors in mice include a general 
preference for social proximity to a stranger mouse versus a 
non-social novel object, a more specific preference for unfamiliar 
mice, and the ability to discriminate between a newly-introduced 
versus an already-investigated stranger."^^ Overall, these behaviors 
were perturbed in the APA mice. These phenotypes may be 
analogous to the impairment in appropriate social interaction 
seen in autistic patients.^^ Moreover, social abnormalities were 
also observed under similar experimental conditions, in mice with 
an autistic genetic background or those exposed to environmental 
risk factors.^ 

Furthermore, we observed elevated self-grooming behaviors in 
Fl and F2 APA mice, which spent significantly more time in whole 
body grooming during isolation in a novel cage environment. Self- 
grooming in APA mice may represent the core symptom of 
increased repetitive behavior typical of ASD. A similar phenotype 
was observed in Neuroligin-1 and Neurexin-la (candidate genes 
for autism) KO mice, which also displayed excessive grooming 
behavior.^^'^^ These genes are involved in a synaptic pathway in 
which dysfunctions of any of the genes involved can result in an 
autistic behavioral phenotype.^^'^^ Similar increase in repetitive 
behaviors, including excessive motor stereotypy (that is, digging 
and jumping behaviors), was observed in other ASD-model 

24 25 49 

mice. ' ' 

Anxiety-related responses were altered in the first generation 
derived from the aged fathers, as APA mice spent less time 
exploring open spaces in both the open field and the elevated 
plus maze tests. Although anxiety is not essential for an ASD 
diagnosis, an estimated 40% of children with ASD fulfill diagnostic 
criteria for an anxiety disorder,^° and as many as 84% have 
subclinical anxiety symptoms.^^ Despite the prevalence of anxiety 
in ASD, it remains unclear whether anxiety constitutes a separate 
condition with comorbidity with ASD or whether it aligns more 
closely with ASD's core features.^^ 

We found that F2 mice derived from old grandfathers presented 
all three behavioral features of ASD (communication impairments, 
increased repetitive behavior and social deficits), despite being 
conceived by young fathers. Recent epidemiological studies in 
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humans reported that the grandfather's age is associated with an 
increased risk of autism and schizophrenia, independent of 
paternal or maternal age.^^'^"^ Interestingly, genome-wide sequen- 
cing studies indicate that men transmit a much higher number of 
mutations to their children than women, and that it is the age of 
the father that is the dominant factor in determining the mutation 
rate.^"^'^^ Considering the association between autism and de novo 
mutations inherited by the parents,^ ^'^^'^^ it is possible that age- 
related mutability of genes expressed in the brain and implicated 
in the development of autism, could lead to heritable phenotypic 
changes in subsequent generations. Another possible explanation 
concerns the epigenetic integrity of germ cells. Dysregulation of 
epigenetic processes during spermatogenesis in older men can 
also contribute to the association between APA and ASD. 
Hypermethylation of ribosomal DNA and changes in chromatin 
packaging and integrity have been observed in the sperm of older 
rats.^^'^^ Moreover, a recent study reported that APA is associated 
with altered DNA methylation at brain-expressed imprinted loci in 
inbred mice.^^ In addition, age-related DNA methylation changes 
have been widely reported, with individual sperm cells demon- 
strating significant intra- and interindividual epigenetic variation 
as a function of increasing male age.^°'^^ Overall, age-related 
factors can potentially alter genomic information carried by the 
sperm, either through epigenetic reprogramming or increased 
rates of de novo mutations, leading to the development of 
abnormal phenotypes in experimental animals and an increased 
disease predisposition in humans. 

However, results reported here only describe the behavioral 
phenotype of the model, and further studies are needed to verify 
the presence of molecular and neurological biomarkers either in 
the brain and/or in the periphery of APA mice. Moreover, model 
ASD in mice still present some translational limitations, due to 
specie-specific differences in neurodevelopmental trajectories and 
specific behavioral outcome, which may be impossible to 
reproduce in mice (that is, theory of mind, speech language). 

In conclusion, our study suggests that the risk of ASD could 
develop over generations, consistent with heritable mutations 
and/or epigenetic alterations associated with APA. On the basis of 
spontaneous age-related mutagenesis, this model represents a 
naturalistic platform, which might provide information about 
upstream mechanisms of action in autism, how mutations and 
epigenetic errors contribute to the development of ASD, as well as 
its neurobiology and pathogenesis, and could serve as transla- 
tional platforms for development of treatments and for early 
diagnosis. 
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